Abstract-Electron emission properties of planar type electron emission device based on graphene-oxide-semiconductor (GOS) structure was investigated. The electron emission efficiency defined as the ratio of anode current to cathode current has no dependence on the graphene electrode thickness, which indicates that the electron scattering within the electrode is perfectly suppressed. A high electron emission current density of 1-100 mA/cm 2 with high electron emission efficiency of 0.1-1.0 % was found to be achieved in GOS devices.
INTRODUCTION
A planar-type electron emission device based on a metaloxide-semiconductor (MOS) structure [1] [2] [3] [4] has many attractive features such as electron emission from a planar surface, compatibility with conventional semiconductor processes, and operation in low voltage and low vacuum conditions, compared with a field emitter array based on metal needle structures. However, their very low electron emission efficiency, which is typically less than 1 % defined as the ratio of anode current to cathode current, has disturbed the practical applications of the MOS type electron emission devices. One of the approaches for improvement of their electron emission efficiency is the reduction of electron scattering within the topmost metal electrode by decreasing the electrode thickness. The electron emission efficiency is predicted to reach 3 ~10 %, if the electron scattering at the inside of the topmost metal electrode is perfectly suppressed 2, 3 . In the case of the conventional metal electrode, it is, however, difficult to make a high-conductive continuous electrode with a thickness of below 1~2 nm. Graphene is the single atomic layered carbon sheet with high electrical conductivity 2 . In addition, the electron scattering cross section of carbon atoms is smaller than that of the conventional topmost metal electrode. Therefore, the use of graphene as the topmost gate electrode for a MOS type electron emission device will improve its electron emission efficiency. In this study, electron emission properties of the planar type electron emission device based on graphene-oxide-semiconductor structure (GOS) are reported.
II. EXPERIMENTAL PROCEDURES
The highly doped n-type Si substrate with the thermal oxide thickness of approximately 300 nm was selected as starting substrate. The electron emission area with a size of 10 ~ 100 nm square or 1 mm diameter circle was fabricated by a conventional photolithography and a buffered hydrofluoric acid wet etching. Then, thin oxide layer was grown by thermal oxidation at 900 o C for 10 min under oxygen gas flow of 2 L/min after the conventional RCA cleaning. The graphene electrode with various layer number was synthesized on the whole surface of the prepared substrate by gallium-vapor assisted CVD 3 under atmospheric pressure using CH 4 carbon source gas of 1 sccm and Ar carrier gas of 100 sccm at 1050 o C for 7 ~ 30 min. Then the Au/Cr contact electrode was fabricated by the conventional photolithography, radio frequency sputtering, and lift off process. Finally, graphene electrode was partially etched by a photolithography patterning and O 2 plasma for the device isolation. The fabricated device structure was analyzed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). The electron emission properties were measured in the vacuum chamber of the base pressure of ~ 10 -6 Pa. The phosphor screen or the metal plate as an anode electrode with an applied voltage of 1 kV was placed at 5~10 mm from the gate electrode. Figure 1 shows the schematic diagram, SEM image, and cross-sectional TEM image of the typical GOS electron emission device with a graphene synthesis time of 30 min, respectively. The graphene electrode of the GOS device in the SEM image showed very uniform contrast over the whole area. The thickness of the oxide layer and graphene electrode in the electron emission area was approximately 8 nm and 7 nm in the cross-sectional TEM image, respectively. Figure 2 (a) shows the typical electron emission properties of the GOS planar type electron emission device. The emission current was detected at the gate bias of around 9 V and reached 10 mA/cm 2 at 20 V. The emission efficiency reached the maximum (approximately 0.44 %) at 13 V and then gently decreased with the gate voltage. Figure 2 (b) shows the short-term stability of electron emission current from GOS devices at a gate bias voltage of 15 V. The emission current fluctuation was approximately 0.07 % and showed no spike noise. In addition, high electron emission current density of 1-100 mA/cm efficiency of GOS devices are two orders of magnitude higher than those of the conventional MOS devices. These results indicate that the GOS planar type electron emission devices have a compatibility of high emission efficiency and high emission current density, which is the great advantage for the practical applications. Figure 2 (d) shows the maximum electron emission efficiency as a function of number of graphene layer. The maximum electron emission efficiency was found to be almost constant in the thickness range of 1.8 nm to 7 nm, which suggests that the electron scattering at the inside of the graphene electrode was negligible in the GOS planar type electron emission devices.
III. RESULTS AND DISCUSSIONS

IV. SUMMARY
Electron emission properties of the GOS planar type electron emission devices were investigated. The efficiency of electron emission was almost constant in the graphene electrode thickness of 1.8~7 nm, which indicates the electron scattering at the graphene electrode is entirely suppressed. In addition, high emission current density of 1 ~ 100 mA/cm 2 can be achieved maintaining the relatively high electron emission efficiency of 0.1~1 % by the GOS structure, which shows a great potential for the compatibility of high electron emission efficiency and high electron emission current density in the planar-type electron emission device. 
